Objective To evaluate the quality of ultrasound images obtained with cassava flour slurry (CFS) compared with conventional gel in order to determine objectively whether CFS could be a true low-cost alternative.
Introduction
Portable ultrasound is becoming an increasingly useful diagnostic tool in resource-limited settings. In general, ongoing costs for ultrasonography are few but one major implementation barrier is access to the necessary consumable goods for ultrasound use, specifically ultrasound gel. In resource-limited settings, inconsistent access to commercial gel and its high cost can limit widespread and routine use of ultrasonography. 1, 2 *These authors contributed equally to this work.
Few published alternatives to commercially produced ultrasound gel exist and all have limitations. A complex WHO recipe of carbomer, ethylenediaminetetraacetic, propylene glycol and trolamine is difficult to source and manufacture, water may not provide enough surface contact to obtain quality images, olive oil is expensive, messy and unavailable in many settings, and cornstarch requires a complex manufacturing process, making it costly, with limited availability. 1, [3] [4] [5] In general, there is at present limited research on affordable and practical alternatives to commercially produced ultrasound gel.
In a previous study using a human centred design approach, female market vendors in one city and one rural town in eastern Democratic Republic of Congo (DRC) were queried about products that could yield an aqueous-fluid with similar viscosity to conventional ultrasound gel using the resources readily available in the region. Responses were evaluated for skin-irritation, practicality, cost, ease-of-production and availability, and cassava (Manihot esculenta) flour slurry (CFS) was determined to be the most appropriate. 6 Cassava root flour is economical and is readily available in many low-resource regions such as Africa, Asia, Latin America and the Caribbean. Cassava root flour, when made into a slurry with water over heat, can resemble the consistency of commercially available ultrasound gel (Figure 1) . 7 This natural product has a relatively high content of amylopectin, contributing to high paste clarity, cohesive texture of pastes, low tendency to retrogradation and good gel stability. It also has a low range of gelatinization temperature (65-70°C) and a rapid increase of the viscosity during gelatinization, meaning that production of CFS could be done quickly without the need for high heat. 7 CFS is also inexpensive to produce. In DRC, we have estimated the cost of CFS at US$0.09 a 250-ml 3 bottle, based on the costs of US$0.75 for a 1-kg bag of ground cassava root, US$0.50 for 250 g salt, and accessible water. This contrasts with the significantly higher cost of commercial ultrasound gel. In the USA, a 250-ml 3 bottle of commercial ultrasound gel costs roughly US$2.00, but in the rural city of Kindu in DRC such a bottle costs over US$15.00, which makes it functionally inaccessible from a cost perspective. 6 Since 2013 clinicians in eastern DRC have successfully been using CFS out of necessity. However, a formal image quality comparison had yet to be completed. We undertook a blinded non-inferiority study to evaluate the potential of CFS as an alternative to commercially produced ultrasound gel by comparing the quality of ultrasound images using CFS and commercial gel. Additionally, we sought to assess patients' and sonographers' satisfaction with the use of CFS.
Methods
This was a blinded non-inferiority study comparing the sonographic image quality obtained with CFS and with commercially produced gel for obstetrical ultrasound.
Thirty pregnant women undergoing their routine second-trimester anatomy scan at 16-26 weeks' gestational age at a large academic medical centre in the Bronx, New York, were recruited to participate. The average body mass index (BMI) of the participants was 32.8 (18.5-51.8). Each woman acted as her own control with images obtained using CFS and commercially produced gel. Those with inflammatory dermatologic conditions such as dermatitis, eczema, psoriasis or a latex allergy were excluded. Informed consent was obtained and participants received compensation for participation. The study was approved by the local Institutional Review Board.
Each participant underwent a complete fetal anatomical survey with commercially produced gel followed by a modified scan with CFS. The modified scan consisted of the four fetal biometry measurements: biparietal diameter (BPD), head circumference (HC), abdominal circumference (AC), and femoral diaphysis length (FL). Five registered and experienced ultrasound technicians performed the scans using the same machine for the anatomy scan and the modified scans (GE Voluson Expert 730 or E8, Milwaukee, WI, USA), image settings, and probe.
Two experienced sonologists blindly reviewed the ultrasound image pairs. Paired images were extracted, de-identified and displayed side-by-side. The display order of the scans was randomly assigned for each image. Images were rated on three parameters: resolution, defined as the sharpness and crispness of the image and a lack of haziness/blurriness; image detail, defined as the clarity of organ outlines and ease with which boundaries of structures are seen and how well they are defined; and total image quality, defined as an overall assessment encompassing contrast of solid and fluid-filled structures and absence of noise. 8 For image details, the following anatomical landmarks were assessed separately: thalami and cavum septi pellucidi for BPD and HC; umbilical vein, portal sinus, fetal stomach for AC; and the edge of the femur bow for FL. 9 Each parameter was assessed on a 10-cm visual analogue scale (VAS) presented as a horizontal line flanked by verbal descriptors at each end that defined the extremes in assessment. The clarity/definition of the dominant anatomical structure in each biometry image was also assessed by VAS.
Before beginning the study we set our clinical equivalence as a difference ≤10 mm. Through discussions with obstetricians and radiologists we determined that any difference <10 mm would not be clinically meaningful. Previous studies using this 10-cm VAS scale showed an estimated mean of 63 and a standard deviation of 3.6. 4 Using a 5% alpha and 10% beta our calculated sample size was three per group. This number is small because of the small variance in the estimate from the referenced study. Given that we did not know what our variance would be, we recruited 30 women to ensure an adequate sample and cover any potential dropouts.
Each image pair rating was compared using a paired ttest. Each image pair was compared independently for each image parameter within each image reviewer. A composite measure, the average of the total image quality scores for all three standardized images, was calculated and compared within each image reviewer. Finally the average rating for each image parameter of both reviewers was calculated, including the image quality composite, and those values were also compared between CFS and commercial gel.
Participant satisfaction and technician comfort with CFS were measured through the completion of a brief five-question survey after each scan. Participants rated their experience via five qualitative components on a five-point Likert scale: pain, irritation, messiness, ease of removal, and recommendations for repeat scan with the same transmission media. Sonographers rated the ability to identify structures and obtain clear images, ease of patient and machine clean up, and impression of patient tolerance of the exam. Responses were compared using the Wilcoxon matched pairs signed-rank test. We used STATA 14.1 (College Station, TX, USA) for statistical analysis. P < 0.05 was considered significant.
The CFS was prepared by researchers daily using the previously published recipe ( Figure 1 ) and therefore CFS from different batches were used. The flour was sourced from Ghana. Before initiation, CFS was subjected to stability and sterility testing by the Montefiore Medical Center Research Pharmacy to set defined parameters regarding individual gel batch duration of use and consistency between batches. For this specific testing, the CFS was made in a variety of settings including a research laboratory at Long Island University, as well as the Montefiore Medical Center pharmacy, and the top of the cooker at the home of the principal investigator. Ten batches of CFS were sampled and viscosity was assessed at different intervals from the time of preparation up to 7 days. Viscosity was evaluated based on a 1-2 g sample that was extracted from a stored batch of CFS at room temperature and humidity, gently stirred 15 times in a torque machine (Brookfield R/S Cone and Plate Rheometer, Brookfield Engineering Laboratories Inc. Middleboro, MA, USA) using an SS spatula to eliminate any thickening due to storage and gel consistency. The sample was placed on the lower plate of the rheometer and the upper plate then lowered to a prefixed gap. The upper plate then revolved with a torque input of 150 Nm and viscosity was measured at 24-second intervals to obtain 20 measurements per sample. Three tests were performed with each sample. To assess the sterility of CFS, five samples of CFS that had been prepared within the past 24 hours were cultured using standard techniques. Each culture was evaluated at 24-hour intervals for bacterial growth. The viscosity of each batch of CFS used for image production was not directly tested.
This study was internally funded by our department; no external funding was obtained.
Results

Image comparison
No significant difference was found in image quality between images obtained using CFS and those using commercial gel for either reviewer in any measure (image resolution, image detail, image quality), any standardised image (biparietal diameter, abdominal circumference, femur length) or any view of a specific anatomic structure (cavum septum pellucidum, portal vein, femur bow). Image ratings ranged from 4.3 to 7.4-with standard deviations from 0.2 to 2.8. The average of the total image quality rating for each biometry image for Observer 1 was non-inferior: CFS = 6.4, Commercial = 6.5 (P = 0.65). Similar results were obtained from the average of total image quality for Observer 2: CFS = 6.0, Commercial = 6.3 (P = 0.13). The average of total image quality for both observers also showed no statistically significant difference: CFS = 6.2, Commercial = 6.4 (P = 0.29; Table 1 ).
CFS acceptability
No difference in the participants' perceptions was found between their experience with cassava and that with commercial gel (Table 2) . Only one participant reported itching with cassava gel. Three participants reported that CFS was messy and five participants agreed that commercial gel was messy. Four participants disagreed that CFS was easy to remove, two disagreed that commercial gel was easy to remove. The five ultrasound technicians all rated cassava slurry as 5 on a five-point Likert scale as easy to obtain clear images and easy for patient and machine clean up.
CFS stability and sterility
CFS viscosity varied significantly between batches. Within each sample, viscosity was maintained for at least 24 hours after gel production. Between samples, viscosity tended to become more consistent with repeated stirring. No bacterial growth was noted in any of our five samples before 76 hours and the samples remained bacteria-free for a minimum of 5 to a maximum of 10 days (Table 3) .
Discussion
Main findings
Our study demonstrates that CFS produces comparable image quality to commercially produced ultrasound gel. Ultrasound image quality, as measured on multiple parameters by two different blinded reviewers, is not negatively affected by the use of CFS as transmission media compared with commercially produced gel. Moreover, all sonographers noted that CFS was easy to use and all patients reported that the use of CFS was acceptable and comfortable. CFS also remains sterile for at least 5 days after boiling in this environment. Despite the viscosity of different CFS samples varying greatly, our findings demonstrate that quality images can be obtained with a wide variation in CFS consistency.
Strengths and limitations
This is a blinded non-inferiority trial that compared multiple ultrasound images on multiple parameters, making it a robust evaluation of ultrasound image quality. Two reviewers were used and their results were evaluated both individually and in aggregate. We also assessed the patients' and sonographers' experiences to evaluate more fully whether CFS could be a true low-cost alternative to commercial gel. Our study has some limitations. All ultrasound machines used to obtain images in this study were high-resolution non-portable machines, which may have made all images a priori superior to those that might be obtained in the field using portable machines. We hope to do further evaluations using the lower-resolution machines more typically available in low-resource settings in the future. In addition, all women were undergoing a routine obstetric scan not requiring complicated anatomic images. The use of each patient as her own control, and consistency in how each image was obtained, should minimise the impact of these limitations on the results. We currently have no evidence regarding the effect of CFS on the surface of the ultrasound probe. In Eastern DRC where some providers are currently using CFS, there have been no issues with probe surface maintenance, and all sonographers in this study reported CFS as easy to clean up. Finally, the viscosity of every batch was not measured, so we were unable to assess whether CFS viscosity has an effect on image quality.
Interpretation
Our study demonstrates that a mixture of cassava flour, water and salt, boiled over a cooker is an acceptable and accessible alternative to commercially produced ultrasound gel. We have been using CFS in the eastern Democratic Republic of Congo for the past 2 years out of necessity, as the availability and accessibility of commercial ultrasound gel is limited. Now that we have formally demonstrated that CFS is non-inferior to commercially produced ultrasound gel, we hope that this will facilitate the distribution of the CFS recipe and, ultimately, will enable increased access to portable ultrasound for screening, monitoring and diagnostic purposes for women in low-resource settings where cassava flour is readily available.
Conclusion
Cassava flour slurry is made from inexpensive and readily available cassava flour, water and salt, boiled quickly over heat. It is simple and inexpensive to procure and prepare, and produces ultrasound images of comparable quality to more expensive and less available commercially produced gel. The dissemination of these results and the simple CFS recipe has the potential significantly to increase capacity for the use of ultrasound for screening, monitoring and diagnostic purposes in resourcelimited settings.
We recommend further research on production of CFS by providers and institutions in low-resource settings with further assessments of production costs including materials, heating apparatuses and time, as well as assessment of stability in different environments and the effect of batch viscosity on image quality. We also hope to further evaluate field production and use of CFS in different geographic regions and for varied ultrasound indications.
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